Genetic lesions are crucial for cancer initiation. Recently, whole genome sequencing, using next generation technology, was used as a systematic approach to identify mutations in genomes of various types of tumors including melanoma, lung and breast cancer, as well as acute myeloid leukemia (AML). Here, we identify tumor-specific somatic mutations by sequencing transcriptionally active genes. Mutations were detected by comparing the transcriptome sequence of an AML sample with the corresponding remission sample. Using this approach, we found five non-synonymous mutations specific to the tumor sample. They include a nonsense mutation affecting the RUNX1 gene, which is a known mutational target in AML, and a missense mutation in the putative tumor suppressor gene TLE4, which encodes a RUNX1 interacting protein. Another missense mutation was identified in SHKBP1, which acts downstream of FLT3, a receptor tyrosine kinase mutated in about 30% of AML cases. The frequency of mutations in TLE4 and SHKBP1 in 95 cytogenetically normal AML patients was 2%. Our study demonstrates that whole transcriptome sequencing leads to the rapid detection of recurring point mutations in the coding regions of genes relevant to malignant transformation.
Introduction
Acute myeloid leukemia (AML) is the most frequent hematological malignancy in adults, with an annual incidence of 3 to 4 cases per 100 000 individuals. Despite the increasing knowledge about the molecular pathology of AML, the prognosis remains poor, with a 5-year survival of only 25-30%. Chromosomal aberrations in tumor cells are found in approximately half of the AML patients, whereas the other half of the patients has a normal karyotype (cytogenetically normal-AML). 1 Even though a growing number of submicroscopic genetic lesions is identified in AML, about 25% of cytogenetically normal-AML patients do not carry any of the currently known mutations. The list of frequently affected genes includes the receptor tyrosine kinase FLT3, the transcription factor CEBPA, the human trithorax homolog and histone methyltransferase MLL and nucleophosmin (NPM1). [2] [3] [4] [5] [6] [7] So far, most of the genes that were found mutated in AML were found through a candidate gene approach, because of their involvement in translocations or in hematopoetic differentiation. For example, CEBPA knockout mice show a block in myeloid differentiation, and both MLL and NPM1 were initially found to be involved in fusion genes that resulted from chromosomal translocations in leukemia patients. [5] [6] [7] [8] [9] With the advent of next generation sequencing technology, the unbiased detection of tumor-specific somatic mutations became possible. [10] [11] [12] [13] [14] [15] Sequence analysis of an AML genome resulted in the identification of recurring mutations in the gene IDH1, encoding the enzyme isocitrate dehydrogenase 1.
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Metabolite screening of AML samples revealed that the related enzyme IDH2 is another mutational target. 16 Despite its technical feasibility, whole genome sequencing is still cost intensive, and therefore several alternative approaches of targeted sequencing have been proposed, like the sequencing of coding regions. Although the size of a diploid human genome is about 6 Gbp, the transcriptome, as defined by the combined length of all mRNAs in a cell, is only 0.6 Gbp in size. This figure is based on the estimate that a cell contains about 300 000 transcripts, with an average length of 2000 bases. 17, 18 Sequencing of only a few gigabases of the transcriptome should allow mutation detection in a large proportion of transcribed genes. Here we report that sequencing of an AML tumor and the corresponding remission transcriptome allowed us to analyze approximately 10 000 genes and to identify five tumor-specific somatic mutations.
Materials and methods

Case information
A diagnostic bone marrow sample was collected from a 69-yearold patient, diagnosed with AML M1 in May 2008. The patient was included in the AML Cooperative Group clinical trial, and informed consent and ethical approval for scientific use of the sample including genetic studies were obtained. After induction therapy using the sequential high-dose cytosine arabinoside and mitoxantrone (S-HAM) protocol, complete remission was achieved. After leukocyte recovery in July 2008, a remission sample from peripheral blood was taken.
Sample preparation
Approximately 50 Â 10 6 cells from each sample were used for mRNA extraction using Trizol (Invitrogen, Carlsbad, CA, USA).
The sequencing library was prepared using mRNA-Seq sample preparation kit (Illumina, San Diego, CA, USA). In brief, mRNA was selected using oligo-dT beads (dynabeads, Invitrogen). The mRNA was then fragmented using metal ion hydrolysis and reversely transcribed using random hexamer primers. Following steps included end repair, adapter ligation, size selection and polymerase chain reaction enrichment.
Sequence alignment
Short-read alignment and consensus assembly were performed using the BWA (v.0.5.5) sequence-alignment program, 19 with the default parameters and interactive trimming of low quality bases at the end of reads (cut-off quality value q ¼ 15). We used an expanded reference sequence comprising the human genome assembly (build NCBI36/hg18) and all annotated splice sites extracted from the University of California Santa Cruz (UCSC) genome browser-known gene track. In total, we generated 127 115 919 paired-end reads of 36 bp length for the AML sample, of which 95.08% aligned to the reference sequence, and 187 782 678 paired-end reads for the remission sample with 82 % aligning to the reference. Read mapping, subsequent assembly and variant calling were performed using the resequencing software packages BWA and SAMtools. 19, 20 During alignment, 31.27 and 39.81% apparently duplicated reads were removed from the AML and remission sample, respectively.
Distribution of reads across exonic and non-exonic regions
To determine the success of the RNA library preparation, we calculated the percentage of reads matching to known exons from the UCSC genome browser. For the AML sample, B63% of reads aligned to exons, B28.5% to introns and B7.5% to intergenic regions, whereas for the remission sample, B73.5% of reads aligned to exons, B20.5% to introns and B6% to intergenic regions (Figure 1b) . The relatively high proportion of intronic reads may stem from unspliced mRNAs. Variable proportions of intronic and exonic reads were observed between different preparations from the same samples, indicating that minor differences in RNA concentration and quality might strongly influence the competitive binding of shorter spliced and longer incompletely spliced mRNAs to oligo dT-beads. The values varied between the different chromosomes and the number of reads mapping to exons were correlated with overall gene density on the chromosome (Supplementary Figure S1) .
Expression analysis
Expression values were calculated as RPKM (reads per kilo-base of gene model per million mapped reads. 21 In brief, the number of uniquely mapping reads (BWA mapping quality 40, B75 to 85% of reads for both samples) for each gene was counted and then normalized by gene length and the total number of reads generated in the experiment. As the reference set, we used a non-redundant gene set based on the Ensembl gene annotations by merging all annotated transcripts from the same gene into a single 'maximum coding sequence'. This set contained 35 876 genes. Exonic regions that were shared by two or more different genes (for instance sense and anti-sense transcripts or non-coding RNAs within exons) were excluded and not used for RPKM calculation as reads from these regions can not be unambiguously assigned to single genes.
Spearman's rank correlation coefficient
Spearman's rank correlation coefficient was calculated from the log 2 RPKM values of the tumor and remission sample, using the R package for statistical computing.
SNP calling
Variant calling was performed using the SAMtools package (v.0.1.5c). 20 For the variant filter of SAMtools, we used the following settings: minimum read depth ¼ 3; maximum read depth ¼ 9999; minimum root mean square mapping quality for single-nucleotide polymorphisms (SNPs) ¼ 25; minimum mapping quality of gaps ¼ 10; minimum indel score for filtering ¼ 25; window size around potential indels ¼ 10; window size for filtering dense SNPs ¼ 10; maximum number of SNPs allowed in window ¼ 2.
Subsequently, we applied additional filters. We required each putative SNP to have (i) a median quality value of the variant bases of at least 20 (ii) that at least 15% of all reads covering the position show the variant allele and (iii) that at least 10% of reads showing the variant allele are from opposite strands.
Functional analysis of SNPs was performed with custom Perl scripts using data sets from Ensembl and the UCSC genome browser. Known SNP locations, Ensembl and known gene annotations were used as provided by the UCSC genome browser.
Results
To demonstrate the feasibility of this approach, we selected an AML sample (bone marrow aspirate) and a corresponding remission sample (peripheral blood) for transcriptome sequencing. The patient, a 69-year-old female, presented with de novo AML, with blood counts and bone marrow morphology being consistent with the diagnosis of AML without maturation according to the French-American-British classification (FAB AML M1). After induction therapy, complete remission was achieved. One year after initial diagnosis, the patient relapsed and received an allogenic bone marrow transplant.
Conventional cytogenetic analysis revealed a normal female karyotype (46, XX [20] ). An internal tandem duplication of FLT3, an NPM1 mutation and a partial tandem duplication in the MLL gene were excluded in a routine diagnostic screen. We further investigated whether the tumor sample contained somatic copy number variations using the HumanOmni1-Quad chip (Illumina), containing probes for approximately 1 million loci. We found no evidence of somatic loss-of-heterozygosity indicating the presence of a normal diploid genome. A total of 29 copy number changes were present in both the tumor and remission sample. We compared the copy number variations with those contained in the database of genomic variants and 1600 controls from a population-based study. All the copy number variations were present at least once in these cohorts.
We sequenced 4.35 and 5.54 Gbp of the tumor and remission sample, respectively, on an Illumina GA IIx sequencer (Illumina). We used the NCBI36/hg18 genome assembly as reference sequence and compiled a non-redundant mRNA set from the Ensembl transcripts database resulting in a set of 35 876 genes. Read mapping to the reference genome was performed with the BWA software. 19 Approximately 95 and 82% of the reads mapped to the reference, of which 63 and 74% mapping to exonic sequences in the tumor and remission sample, respectively (Figure 1b, Supplementary Figure S1) .
The average sequence read depth for every gene was first calculated to obtain the number of genes suitable for mutation detection. The read depth per gene ranged from 0 to over 1000. A total of 10 152 genes had an average read depth of at least sevenfold and 6989 genes had an average read depth of 20 or greater in both samples. These numbers were only slightly higher when the tumor and remission samples were analyzed individually, indicating that the gene expression pattern was comparable even though the tumor sample was a bone marrow aspirate with more than 90% blasts, whereas the remission sample was from peripheral blood with a normal white blood cell count (Figure 1a) . The comparability was supported by a high correlation of the gene expression levels between the samples as shown by a Spearman Rank correlation coefficient of 0.82 (Figure 2a) .
Single-nucleotide variants (SNV) were called with the SAMtools software package, 20 using mainly the default parameters and custom filters applied at later stages. To achieve a low false-positive rate, we required a minimum read depth of 7 in both samples. We set this threshold because there is a detection rate of approximately 70% at this read depth. 22 For the same purpose, we quality filtered the SNV set of the tumor sample, but used an unfiltered set of the remission sample for comparison (Figure 2b) .
Quality filtering in the tumor resulted in a set of 8978 SNVs in coding regions. This compares favorably with approximately 20 000 SNVs that can be found in the entire coding sequence using exome sequencing. 23 In the next step, we excluded all coding SNVs that were present in the dbSNP database version 130 or in the exomes of 8 HapMap samples. The remaining 926 sites contained 612 SNVs, which led to an amino acid substitution or, which disrupted canonical splice sites. These 612 SNVs were then compared with the unfiltered calls of the remission sample at these 612 positions. We excluded all positions with any indication that the same SNV was also present in the remission sample.
This strategy resulted in the identification of 11 candidate SNVs unique to the tumor sample. Capillary sequencing of genomic DNA from both the tumor and the remission sample confirmed five SNVs, which affected the genes RUNX1, TLE4, SHKBP1, XPO7 and RRP8. (Table 1, Figure 3 ). Two SNVs were false positives with the same heterozygous SNVs being also present in the genomic DNA of the remission sample, four SNVs could not be confirmed in the AML sample.
RUNX1 (AML1) carried a heterozygous stop mutation in the Runt domain. RUNX1 is the fusion partner of RUNX1T1 (eight twenty one (ETO)) in the recurring t(8;21) (q22;q22) translocation present in 8-13% of de novo AML cases. 24 In addition, point mutations in RUNX1 have recently been described in AML, in particular AML secondary to myelodysplastic syndrome, radiation exposure or chemotherapy, at a frequency of 8-10%.
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TLE4 carried a missense mutation at position 511 (N511S). TLE4 is located on chromosome 9 band q34, which is frequently deleted in AML with t(8;21) translocations, and is therefore a putative tumor suppressor gene. Interestingly, the TLE4 protein interacts with RUNX1, and haploinsufficiency of TLE4 was shown to collaborate with the RUNX1/RUNX1T1 fusion to rescue cells from apoptosis. 26 The third tumor-specific SNV resulted in a missense mutation (V89I) in SHKBP1 (also known as SETA binding protein 1, SB1). Through SETA, SHKBP1 interacts with CBL, 27 a ubiquitin ligase that regulates the degradation of FLT3. CBL mutations, which result in the increased activity of FLT3, have recently been described in AML and myelodysplastic syndrome. 28 Thus, it is likely that SB1 mutations affect FLT3 signaling. SHKBP1 overexpression in cell lines has antiapoptotic effects. 29 The fourth and fifth AML-specific mutations were missense mutations in XPO7 (a member of the importin beta superfamily) and RRP8 (a methyltransferase, possibly involved in ribosomal RNA processing).
Although recurring mutations in RUNX1 are known to occur in AML, mutations in TLE4 or SHKBP1 have not been described before. We therefore screened the complete coding sequence of TLE4 and SHKBP1, as well as of RUNX1 in 95 cytogenetically normal-AML patients by capillary sequencing of genomic DNA ( Table 2 ). As expected, we found several patients with RUNX1 mutation (9/95; 9.5%): nine missense mutations (two patients with two mutations each), one nonsense mutation and a 5 bp insertion. We also discovered two missense mutations in TLE4 and two missense mutations in SHKBP1 (Table 2) , strongly suggesting that both TLE4 and SHKBP1 are mutational targets in AML at a frequency of about 2%. Mutations in TLE4, SHKBP1 and RUNX1 were mutually exclusive in the cohort of 95 cytogenetically normal-AML patients. TLE4 mutations were found in patients with mutations in NPM1 and C/EBPA, whereas SHKBP1 mutations were found in combination with mutations in NPM1 and FLT3 (Table 2) .
Discussion
Our results demonstrate that whole transcriptome sequencing is an efficient method to discover point mutations in AML. Using stringent filtering criteria, we were able to identify just 11 candidate mutations from a total of almost 10 Gbp of primary transcriptome sequence. Five of these mutations were confirmed by sequencing of genomic DNA. Three of these mutations affect genes in pathways involved in AML pathogenesis (Figure 4 ). Although RUNX1 mutations are known to occur at a frequency of about 8% in AML patients, we describe for the first time TLE4 and SHKBP1 as recurring mutational targets in AML. In summary, our approach proved to be extremely efficient in identifying recurring mutations with a high likelihood of contributing to the pathogenesis of AML.
Overexpression of TLE4 in the RUNX1/RUNX1T1 (AML1/ETO) fusion-positive Kasumi cell line was reported to cause apoptosis and cell death, suggesting that TLE4 may act as a tumor suppressor gene. 26 The missense mutations we identified may diminish the function of TLE4 or even act in a dominant negative fashion. The point mutations in SHKBP1, on the other hand, may result in a gain of function, because the antiapoptotic effects of its overexpression classify SHKBP1 as a putative protooncogene. 29 In AML, mutations in SHKBP1 may disturb the degradation of the FLT3 tyrosine kinase through the interaction of SHKBP1 with SETA and indirectly with the ubiquitin-ligase CBL. 27 Although little is known about the protein structure of both TLE4 and SHKBP1, all point mutations found in the present study affect evolutionarily highly conserved domains encoded by neighboring exons (Table 2) . Although biochemical assays are required to test whether these missense mutations influence the protein interactions between TLE4 and RUNX1 or SHKBP1 and CBL, in vivo transformation assays are required to elucidate the potential role of these mutations during the onset and progression of AML. Considering the increasing number of recurring mutations that have been identified in AML, it will be very challenging to understand their complex interplay. Apparently, many subtle genetic changes may contribute to the disease through multiple interactions.
Although analysis of the two AML genomes required sequencing of over 120 Gbp for each patient and resulted in the detection of 10 to 12 tumor-specific mutations in the gene coding regions in each case, 10,11 our analysis of an AML transcriptome required only the sequencing of 10 Gbp and resulted in the identification of five tumor-specific mutations in the gene coding regions. Thus, our findings demonstrate that whole transcriptome sequencing might be an order of magnitude, faster and more cost effective than whole genome sequencing for the detection of point mutations in coding Abbreviation: AML, acute myeloid leukemia.
The table shows details of the five point mutations detected in the AML patient including affected genes, genomic position, resulting amino-acid change and sequence coverage of the affected sites (see also Figure 3 ).
regions of expressed genes. The main limitation of transcriptome sequencing is the representational bias of transcripts. Considering recent reports of alternative cleavage and polyadenylation of oncogenic transcripts, 30 sequencing of reversely transcribed poly-A selected transcripts may not always correctly reflect the original expression levels in the leukemia cells. Moreover, mutations that lead to increased-mRNA decay might be missed in the present study. As only expressed mRNAs are sequenced, non-expressed and extremely rare transcripts are not sequenced at all or are not sequenced to sufficient coverage levels for reliable mutation detection. However, this limitation might not greatly affect the ability of this method to detect activating mutations in oncogenes, as these genes would have to be transcribed and translated to mediate their oncogenic effect. Recently, exon-capture techniques became available providing a more even read depth across protein coding regions, thus allowing an exhaustive mutation analysis. In contrast to whole exome or genome sequencing, transcriptome sequencing provides valuable additional information on gene expression levels and exon-composition of transcripts. Apart from mutation detection, transcriptome sequencing could also be used to detect tumor-specific fusion genes and splice variants.
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